. The specimen was cut subsequently into wedge-shaped blocks, approximately 4 mm. long and 2 mm. at the base. These small blocks were then fixed in buffered osmium tetroxide for three hours (Caulfield, 1957) , dehydrated in increasing strengths of ethyl alcohol, and embedded in Dow epoxy resin, Lockwood's mixture no. 1 (Lockwood, 1964) . The wedge-shaped blocks were embedded 'on edge' in such a way that well-orientated thick sections (1 u) could be obtained without difficulty (Rangan, 1961; Pittman and Pittman, 1966) . These sections were stained with toluidine blue (Trump, Smuckler, and Benditt, 1961) , examined with a light microscope, and used to locate the area to be trimmed for thin sectioning.
Thin sections (500A to 700A) were cut with a diamond knife on either a Huxley Cambridge or a Porter-Blum MK-2 ultramicrotome and stained with a saturated solution of uranyl nitrate in absolute methanol followed by Millonig's lead tartrate (Millonig, 1961) . Details of these preparative techniques are given elsewhere (Pittman and Pittman, 1966) . The stained thin sections were examined with an AEI EM6 electron microscope. Micrographs were taken on Kodak B.1O high contrast plates.
RESULTS
The luminal surface of human sigmoid colonic mucosa is flat. Invaginations of the lining epithelium form the mucous glands or crypts of Lieberkuhn (Fig. 1) . The epithelial cells lining the mucous membrane are columnar and are primarily of two types, the mucus-secreting goblet cells and the principal (absorptive) cells. Occasionally, cells with characteristics of the Kultschitzky cell (argentaffin or enterochromaffin cell) are found at the base of the crypts of Lieberkuhn.
type of the mucosa. Studies with tritiated thymidine and microradiography have indicated that colonic epithelial cells in man, as in the mouse, proliferate in the lower two-thirds of the crypts of Lieberkuhn and migrate to the luminal surface during a period estimated to be between four and eight days (Cole and McKalen, 1961; Lipkin, Sherlock, and Bell, 1963; MacDonald, Trier, and Everett, 1964) .
In the present study goblet cells were examined at all levels of the crypts and at the luminal surface. The ultrastructural appearances of these cells are similar to those described in the mouse and rat (Shearman and Muir, 1960; Florey, 1960; Hampton, 1960; Hayward and Johnston, 1961; Freeman, 1962; Hollmann, 1963; Lane et al., 1964) . At the base of the crypts are found undifferentiated cells and goblet cells in the earliest phase of mucus production (Fig. 2) . The nuclei of these cells are centrally located and are surrounded by dense accumulations of membranes and granules. Some of the granules are attached to membranes (Fig. 3) , and are thought to contain ribonucleoprotein (Palade, 1958) . Sjostrand (1964) has suggested the term 'alpha-cytomembranes' to distinguish these granular membranes from others within the cytoplasm. In the basilar cytoplasm of more mature goblet cells there are, in addition, mitochondria, vesicles, and granular material which is not attached to membranes (Fig. 4) . In the paraand supranuclear areas there are smooth, flattened or 'stacked' membranes and vesicles which are the Golgi apparatus of the goblet cell (Dalton, 1951; Florey, 1960) . The ultrastructural appearances suggest that the Golgi membranes form sacs or vesicles which are distended progressively with mucin as they move towards the apical portion of the cell (Figs. 5a and 5b). Support for this interpretation has been provided by a study of the incorporation of 35S into mucin in goblet cells of rat colonic mucosa (Lane et al., 1964) . It was found that following injection of 35S, radioactivity was associated initially with the 'stacked' membranes of the Golgi apparatus, next with the membranes surrounding mucin droplets within the goblet, and finally with the secreted mucin in the lumen of the crypts.
The nuclei and cytoplasm of the more mature goblet cells found in the upper two-thirds of the crypts are pressed basally and laterally by the distended goblets, which eventually burst through the apex of the cell (Figs. 6a and 6b ). Many mitochondria, with their outer membranes closely associated with those of mucin droplets, are present in the cytoplasm which surrounds the goblet. Within the goblet, individual mucin droplets are surrounded by cytoplasm which is continuous in a number of places with that around the goblet. Each mucin droplet contains a meshwork of interconnecting filaments which, on high magnification, is seen to be composed of very electron-dense spherical units associated with filamentous material (Fig. 7) . The lateral wall of the goblet cell is a membrane composed of a single layer of electron-dense spherical units. This membrane interdigitates with the membrane of the adjacent cell (Fig. 8) . The basilar cell wall is a single-layered membrane also (Fig. 9 ). There is filamentous material beneath the basilar membrane (Fig. 9) .
The nucleus of the mature goblet cell has ultrastructural appearances similar to those of nuclei of other mammalian cells (Wischnitzer, 1960 ). An envelope or perinuclear cistern limits the nucleus (Fig. 10) . Both the inner and outer membranes of the cistern appear to be composed of closely approximated granular particles. There are openings or pores in the nuclear envelope where the granular cytoplasm surrounding the nucleus communicates with the nucleoplasm, and many mitochrondria are adjacent to the outer membrane of the envelope (Fig. 10) . The nucleus and supranuclear Golgi membranes of the goblet cells at an early phase of the production of mucus are surrounded by an area of cytoplasm with greater electron density than that in the rest of the cell. This dense cytoplasm is enclosed by a smooth membrane (Fig. 4) .
The nucleus contains at its periphery and interspersed throughout the interior finely granular material of greater electron density than the remainder of the nucleoplasm (Figs. 4 and 10) , and this electron-dense material is thought to be the chromatin of the cell and to be rich in DNA (Moses, 1964) . One or more nucleoli are readily distinguished within the nucleoplasm as spherical structures of compact electron-dense granules with central areas of less electron density (Fig. 4) .
Rudimentary microvilli are present at the apical surface of goblet cells in the lower portions of the crypts (Fig. 11) . Goblet cells situated in the upper portion of the crypts and on the luminal surface of the mucosa appear to have apical cytoplasm and microvillous borders indistinguishable from those of principal cells. However, it is often impossible to determine whether the cytoplasm and microvillous border above a goblet belong to the goblet cell or to an adjacent principal cell.
In some of the specimens spaces were observed along the lateral walls of cells lining the crypts (Fig. 12 ) and may represent channels of fluid and electrolyte absorption.
PRINCIPAL CELLS The principal cells are columnar epithelial cells with a basilar or centrally located nucleus which has ultrastructural appearances identical with those of the goblet cell nucleus. The 64t5 group.bmj.com on June 24, 2017 -Published by http://gut.bmj.com/ Downloaded from principal cells are the major cell type lining the lumen of the colon, and they are also found interspersed with goblet cells in the crypts (Figs. 13 and 14) . These cells are thought to function primarily to absorb water and electrolytes from the contents of the bowel, and their luminal surface is composed of microvilli, the cylindrical cell processes common to most absorptive epithelium (Fig. 15) . The majority of well-orientated microvilli found in the upper portions of the crypts and on the bowel surface measure 2 0 pth0 5 yu in length and 0-25 pt±002 ,u in width.1
Occasionally, however, apparently well-orientated microvilli as short as 0-2 ,u are observed (Fig. 15) . The intermicrovillous spaces vary considerably, from 600A to 1P33 ,u.
At relatively low magnification (e.g., 20,000) the microvilli appear to be bounded by two continuous membranes. High magnification reveals that the membranes, separated by a space approximately IOA wide, are not continuous and are composed of intensely electron-dense spherical units approximately 375A in diameter, linked to each other by less electron-dense filamentous material approximately 190A thick. The membranes in section thus have the appearance of strings of beads (Fig. 16) . In some areas, especially on the outer membranes, the spherical units are spaced at variable distances and the filamentous links appear to be missing, leaving openings up to 1o0A wide (Fig. 17) . Within the interior of each microvillus are a number of longitudinally orientated chains of material which appear almost identical with the material which forms the outer membranes. The spherical units are, however, more widely separated in these interior chains than on the outer membranes (Fig. 16 ). The chains within the microvilli extend into the apical cytoplasm ( Fig.   16 ), an area called the 'clear zone' because of the absence of mitochondria and cytoplasmic membranes (Fig. 18 ). With the exception of the area directly beneath the microvilli, no orderly arrangement of spherical units and filamentous material is noted within the clear zone.
A dense network of filaments, which resemble in composition the limiting membranes and interior chains of the microvilli, extends from the entire surface of the principal cell (Fig. 15 ). The composition of this network of filaments is also somewhat similar to that of mucin droplets (Fig. 7) . The filamentous coating protrudes, on the average, a distance of 2-0 it from the tips of microvilli. At the sides and bases of microvilli the filaments are continuous with those of adjacent microvillous surfaces (Fig. 16) .
A striking finding is the extent of vesicle formation 'These and subsequent measurements were made from enlargements of the photographic plates. An optical micrometer was used to measure objects and spaces less than 1-0 cm.
in the cytoplasm of principal cells. The limiting membranes of the vesicles resemble the surface membranes of the principal cell. Within the vesicles is a meshwork of filaments similar to that which coats the microvilli (Fig. 16 ). Vesicles containing this material are present within the cytoplasm at all levels of the cell along its longitudinal axis (Fig. 18) . Some of the vesicles communicate with the surface membranes of the cell at the bases of microvilli (Fig. 19) .
Numerous round structures which measure 600A
+200A in diameter are present within the microvillous border (Figs. 15 and 16) , and appear to arise from the 'degeneration' of microvilli (Figs. 16 and 20) . On high magnification these structures appear to be composed of the same basic units found within the microvilli and are coated with filaments which extend from their surfaces and join filaments of adjacent microvilli (Fig. 16 ). The vesicles described previously frequently contain round structures which resemble those present within the microvillous border (Fig. 21 ).
COMPARISON OF THE MICROVILLOUS BORDERS OF NORMAL HUMAN COLONIC AND JEJUNAL PRINCIPAL
CELLS Jejunal mucosa was obtained with the Crosby peroral biopsy capsule (Crosby and Kugler, 1957) from two fasting individuals and processed for electron microscopy as described above. The microvilli of principal cells were found to be strikingly uniform, measuring 6-0 ,u iP0 ,u in length and 0 4 ,p+005 ,u in width. The intermicrovillous spaces are also uniform, measuring 0 5 , to 0-6 ,k in width (Fig. 22) . Jejunal microvilli are thus approximately three times as long and one and one half times as wide as those of colonic principal cells. There are, however, roughly the same number of microvilli per unit surface area in both types of principal cell. The depths of the clear zones of these cells are comparable (3 0 , 1-5 ,u). The microvillous border of jejunal principal cells is similar to the colonic microvillous border in several respects: a double membrane surrounds the microvilli, interior chains extend into a clear zone, round structures are prominent within the microvillous border, and a filamentous coating protrudes from the entire limiting membrane of the microvilli (Fig.  22 ). This coating extends only 0 5 ,u beyond the tips of the microvilli and is more dense and highly interconnected than its colonic counterpart. The dimensions and spacing of the basic spherical units and filamentous links comprising all these structures differ from those of the basic components of colonic microvilli (Figs. 23a, 23b, and 23c ). These and other differences are summarized in Table I .
It was noted previously that the mucin droplets of Principal cells of normal sig have prominent supranuclea (Fig. 25) . Vesicles which contaii are present in the region of t] The paranuclear and basilar cells contain alpha-cytomemb contain filamentous vesicles, and granular material. The basilar memsurface of the micro-brane is composed of closely approximated electronts of jejunal mucosal dense spherical units and beneath it is a network of which resembles the filaments approximately 0-25 ,u thick (Fig. 26) . Some microvilli (Fig. 24) .
of these filaments appear to traverse the basilar membrane and also to extend into the lamina propria. The lateral cell walls, whose unit structure is similar :NCIPAL CELLS OF HUMAN to that of the basilar membrane, interdigitate with NAL MUCOSA1 those of adjacent cells (Fig. 27 ). Dying cells are characterized by decreased electron density of the cytoplasm and loss of microvilli and 0 04 to 0.08 0-1 to 0-25 their filamentous covering (Fig. 28) This study has revealed a prominent network of filaments extending from the surface of principal cell microvilli in normal human sigmoid colonic and jejunal mucosal epithelia. The presence of filamentous coatings on the surfaces of various cells has been demonstrated since Chambers (1940) first observed layers of organic material superficial to the plasma membrane of sea-urchin eggs. He called this material the 'extraneous coat' because it could be removed without causing immediate death of the cell. Yamada (1955) subsequently demonstrated fine filaments covering microvilli of mouse gall bladder epithelium, Pappas (1959) found that the surface membranes of amoebae are covered by numerous filamentous extensions, Peachy and Rasmussen (1961) observed a covering of filaments on the surface of the toad bladder, Ito and Winchester (1963) described a similar coating on gastric mucosal microvilli of the bat, and Rifaat, Iseri, and Gottlieb (1965) made the initial observation that a coating of filamentous material is present on microvilli of human colonic mucosal specimens. Some of these coatings were shown to be periodic acid-Schiff (P.A.S.) positive before and after incubation with diastase, an observation which suggests that they contain mucopolysaccharide. Ito (1965) recently studied intensively the filamentous coating of cat intestinal microvilli and demonstrated that the filaments react Nkith colloidal thorium dioxide, indicating the presence of acid mucopolysaccharide (Revel, 1964) . Ito also found that this coating in the cat intestine is stable during various physiological conditions and is resistant to repeated washings or incubations with mucolytic chemical agents and proteolytic and mucolytic enzymes.
The origin of the filamentous covering of mammalian microvilli is in doubt, partly because of its ultrastructural similarity to mucin. The findings of this study suggest, however, that the filaments are an integral part of the cell surface. Their close resemblance to filaments within the microvilli suggests the possibility that the coating filaments arise within microvilli and are extruded through their limiting membranes. Another possibility is that the filaments are synthesized by enzymes present in the limiting membranes themselves.
The function of the filamentous coating is also unclear. Ito (1964) suggested that it may act as a barrier to protect the cell surface from direct contact with bacteria, carbon particles, and other matter within the intestinal lumen. Brandt (1962) presented 'This discussion is limited to considerations of the possible significance of the ultrastructural organization of the surface of principal cells and of vesicles found within the cytoplasm of these cells.
evidence that large molecules are bound to the filamentous coat before being taken into the cell by the process of pinocytosis. Other possibilities are that the coating contains digestive enzymes, that it has buffering capacity and acts to maintain a desirable pH at the locus of the absorbing membranes, that it plays a role in absorption by acting as an ionexchange vehicle, and that it is simply a coating of mucus, derived from the cell, which functions as a lubricant.
Marked vesiculation was noted in colonic mucosal principal cells, whose primary function is thought to be the absorption of water and electrolytes. Networks of filaments, similar to those which coat the surface membranes, were found within these vesicles, and it is possible that they are pinocytotic, arising either from invaginations of the surface membranes (Odor, 1956) , or from the coalescence of lateral surfaces of microvilli. The filamentous material and round structures found in the microvillous border would thus be incorporated into the vesicles at the time of their formation. If the vesicles are formed in this manner continual replacement of the principal cell membranes would be required to prevent a net loss of surface area. The replacement material could be the intramicrovillous filaments which, in turn, could be synthesized in the clear zone. Such a process of pinocytosis would benefit cell economy, for 'degenerated' microvilli and filamentous material would be reincorporated into the cell rather than lost into the lumen of the bowel.
Another possibility is that the vesicles are not pinocytotic, but arise from the Golgi apparatus (Fig. 25) , as do mucin droplets of goblet cells, move to the surface of the cell, and become incorporated into the cell membranes. Still another possibility is that there are both pinocytotic and secretory vesicles present in the cytoplasm.
SUMMARY
The ultrastructural appearances of epithelial cells lining sigmoid colonic mucosa obtained from 17 normal human subjects are described. The microvillous border of this epithelium is compared with that of the epithelium of normal human jejunal mucosa. 
